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Tbx Genes Specify Posterior Digit Identity
through Shh and BMP Signaling
most notably, the HoxD genes. Knockout studies in the
mouse suggest that these genes play critical roles dur-
ing the development of the limbs, with their disruption
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tic change, resulting in the transformation of digit I toJapan
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Recently, limbs of the Shh/ and Gli3/ mutant miceJapan
were found to be polydactylous, with a complete lack
of digit identities (Litingtung et al., 2002; te Welscher et
al., 2002). These results indicate that Shh requires Gli3Summary
for the specification of digit number and identity. Conse-
quently, the patterning events along the AP axis areDespite extensive studies on the anterior-posterior
strictly controlled both extracellularly and intracellularly(AP) axis formation of limb buds, mechanisms that
to achieve the orchestrated morphogenesis of the limb.specify digit identities along the AP axis remain ob-
Nonetheless, putative factor(s) that control digit identi-scure. Using the four-digit chick leg as a model, we
ties with Shh and Gli3 remain undiscovered.report here that Tbx2 and Tbx3 specify the digit identi-
Recently, it was reported that interdigital BMP signal-ties of digits IV and III, respectively. Misexpression of
ing regulates digit identities (Dahn and Fallon, 2000).Tbx2 and Tbx3 induced posterior homeotic transfor-
Inhibition of interdigital BMP signaling by the implanta-mation of digit III to digit IV and digit II to digit III,
tion of Noggin-soaked beads in the interdigit (ID) causedrespectively. Conversely, misexpression of their mu-
transformation of each digit to exhibit the morphologytants VP16Tbx2 and VP16Tbx3 induced anterior
of the next anterior digit. In addition, long-range andtransformation. In both cases, alterations in the ex-
short-range actions of Shh control the digit number andpression of several markers (e.g., BMP2, Shh, and
identities in conjunction with BMP2 signaling (Drosso-HoxD genes) were observed. In addition, Tbx2 and
poulou et al., 2000). These results indicate that coopera-Tbx3 rescued Noggin-mediated inhibition of interdigi-
tion between Shh and BMP signaling is required for thetal BMP signaling, signaling which is pivotal in estab-
patterning of posterior digits. Although Shh is known tolishing digit identities. Hence, we conclude that Tbx3
be essential for the posterior digit identities (Lewis etspecifies digit III, and the combination of Tbx2 and
al., 2001), nothing is known about putative factors that
Tbx3 specifies digit IV, acting together with the inter-
control digit identities acting along with Shh, Gli3, BMP,
digital BMP signaling cascade.
and HoxD genes.
The Tbx genes, which belong to a family of T-box
Introduction transcriptional factors, play essential roles during the
development of various tissues and organs. For exam-
The chick foot possesses four distinct digits that are ple, Tbx5 and Tbx4 genes specify the identities of the
characterized by both the number of phalanges and their limb types (Logan et al., 1998; Rodriguez-Esteban et al.,
morphology. Various factors affect the pattern formation 1999; Takeuchi et al., 1999). Tbx2 and Tbx3 are ex-
along the AP axis of the limb bud. One of them, Sonic pressed in the anterior and posterior edges of limb buds
Hedgehog (Shh), is secreted from the zone of polarizing with distinct expression domains (Gibson-Brown et al.,
activity (ZPA) located at the posterior end of the limb 1998). These expression data strongly suggest that Tbx2
bud (Riddle et al., 1993). Implantation of Shh-soaked and Tbx3 control the development of the Tbx2- and
beads at the anterior side of the limb induces the dupli- Tbx3-positive limb parts, respectively, producing dis-
cation of digits with posterior-type identities (Lopez- tinct structures including digits. In this sense, Tbx3 is
Martinez et al., 1995). Likewise, when applied at the particularly important, since mutations of human TBX3
anterior side of the limb, retinoic acid (RA) induces a have been found in patients exhibiting the ulnar-mam-
mirror image duplication of digits (Tickle et al., 1982). In mary syndrome, a condition characterized by deformi-
addition to these signaling factors, several transcription ties in, or even a total absence of the ulnar bone and
factors also control the AP patterning of the limb bud, digits IV and/or V (Bamshad et al., 1997). Embryological
approaches have further revealed that the expression
of chick Tbx3 is dependent on Shh and BMP signaling*Correspondence: ogura@idac.tohoku.ac.jp
(Tumpel et al., 2002). As described above, Shh and BMP3 Present address: Cardiovascular Research, The Hospital for Sick
Children, 555 University Avenue, Toronto, ON M5G 1X8, Canada. proteins play essential roles during the specification of
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Figure 1. Expression of Tbx2 and Tbx3 in De-
veloping Mouse and Chick Embryos
(A) At E11.5, mouse Tbx2 is expressed in the
anterior and posterior stripes of the limb
buds. (B) In the autopod, mouse Tbx2 is ex-
pressed in the interdigit (ID) 5. (C) Mouse Tbx3
is expressed similarly. (D) In the autopod
area, mouse Tbx3 is expressed in IDs 4 and 5.
(E and F) Sagittal and cross-sections of chick
leg buds at stage 27. Chick Tbx2 is expressed
in ID 4 and weakly in the anterior margin. (G)
Schematic representation of digits and IDs.
It has been shown that IDs 4, 3, 2, and 1
specify the identities of digit IV, III, II, and I,
respectively. (H and I) cTbx3 is expressed in
ID 3 and 4, hence in a broader area than
cTbx2.
digit identities, hence Tbx3 could also be a key molecule that Tbx2 and Tbx3 genes are expressed along the AP
in this process. Since Tbx3 and Tbx2 are functionally axis with distinct ID specificities.
and structurally related, these lines of evidence highlight Figure 1 shows the expression patterns of Tbx2 and
a hypothesis that Tbx2 and Tbx3 specify the identity of Tbx3 in mouse and chick embryos. In E11.5 mouse em-
digits, acting together with Shh/Gli3 and interdigital bryos, mTbx2 is expressed in the anterior and posterior
BMP signaling cascades. margins of the limb buds (Figures 1A and 1B), whereas
In this report, we show that in chick leg, Tbx3 and in the autopod, it is restricted to ID5 (Figure 1B). In
Tbx2 specify the identities of posterior digits III and IV, contrast, mTbx3 is expressed similarly in both anterior
respectively. In addition, we show that misexpression and posterior stripes (Figures 1C and 1D). However, in
of these genes induces an anterior expansion of the the prospective autopod, mTbx3 expression expands
expression domains of several critical markers (e.g., more anteriorly (Figure 1D).
BMP2, Shh, and HoxD genes). Using microsurgical ma- The chick leg has four distinct digits (digits I to IV)
nipulation, gain-of-function, and loss-of-function ap- that are characterized by both the numbers of phalanges
proaches, we conclude that Tbx3 and Tbx2 are morpho- and morphology (Figure 1G). Hence, it is easy to identify
genetic determinants for posterior digits of chick leg, the digit identities from their cartilage patterns. Taking
acting through regulation of interdigital BMP signaling. advantage of these characteristics, we performed an
Our results highlight the pivotal roles of the Tbx genes in extensive series of studies using the chick leg buds
the specification of posterior digit identities in vertebrate as a model. To compare the expression patterns, we
limbs via highly conserved signaling cascades. performed in situ hybridization in sections prepared
from chick leg buds at stage 27. Similar to observations
in the mouse, cTbx2 is expressed in ID4 (Figures 1EResults
and 1F), whereas cTbx3 is apparent in both ID3 and 4
(Figures 1H and 1I). These expression patterns suggestTbx2/3 Was Expressed in Posterior
that cTbx3 and cTbx2 might be involved in the specifica-Interdigit Region
tion of digits III and IV, respectively. Furthermore, theseDahn and Fallon have shown that each interdigit (ID)
results give rise to the hypothesis that vertebrate Tbx2specifies the identity of the digit on its anterior side. In
and Tbx3 are involved in the development of the poste-this model, the more posterior IDs specify more poste-
rior structures and the specification of the posteriorrior digit identities through a mechanism involving BMP
digit identities.signaling, so that ID3 specifies the digit III identity, ID2
At stage 29, Tbx2 and Tbx3 expression expands todigit II, and so on (Figure 1G). This suggests that genes
more anterior IDs (Supplemental Figure S1 [http://www.expressed in a distinct ID and controlled by BMP signal-
developmentalcell.com/cgi/content/full/6/1/43/DC1]).ing are good candidates for determinants of the digit
identities. In search of such candidates, we have found However, the digit identities seem to be determined
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Figure 2. Expression Patterns of Tbx2 and
Tbx3 Correlate Well with Digit Identities of
Retinoic Acid (RA)-Induced Extra Digits
In all panels, developing legs are shown from
a dorsal view. (A and B) At stage 27, a wild-
type chick leg exhibits normal expression of
Tbx2 and Tbx3 in both the anterior and poste-
rior margins of the leg buds, yet Tbx2 is ex-
pressed in ID4, and Tbx3 in both ID4 and 3.
(C) At stage 36, normal expression skeletal
patterns are detectable by Alcian blue stain-
ing. Digits I, II, III, and IV have two, three, four,
and five phalanges, respectively, making
each digit distinguishable.
(D and E) 36 hr after implantation of 5 g/ml
RA-soaked beads, expression of Tbx2 (D) and
Tbx3 (E) was not affected.
(F) 36 hr after implantation, an extra digit II
was apparent at the anterior-most end of
the limb.
(G and H) After implantation of beads carrying
10 g/ml of RA, anterior Tbx3 expression in
the autopod area (H) expanded and became
intense. In the expression domain, clear en-
largement of the anterior part was evident. In
contrast, Tbx2 expression (G) was not af-
fected, although the same enlargement was
formed.
(I) 36 hr later, the anterior enlargement gives
rise to extra digits III and II, concurrent with
the expansion of Tbx3.
(J and K) When 100 g/ml RA beads were
applied, the anterior domains of both Tbx2
and Tbx3 expression expanded to the auto-
pod. Again, clear enlargement of the anterior
portion was observed.
(L) In this case, an extra digit IV was formed,
corresponding to the induction of Tbx2 in the
anterior margin of the limb bud.
and fixed at these stages, since implantation of Noggin- Tbx2 or Tbx3 (Figures 2D and 2E, respectively), although
formation of an extra digit II was induced. In contrast,soaked beads did not alter the identities of digits after
stage 30 (see below). when 10 g/ml RA beads were implanted, anterior Tbx3
expression in the autopod area became stronger than
normal, with a clear enlargement of the anterior portion
Tbx2/3 Expression Correlates Well with Identities
that gives rise to an extra digit III (56%; n  16) (Figure
of Extra Digits Induced by RA
2H). Nonetheless, Tbx2 expression was not affected
First, we examined the expression patterns of Tbx2 and
(Figure 2G). When 100 g/ml RA beads were applied,
Tbx3 genes in normal digits and RA-induced extra digits.
the anterior domains of both Tbx2 and Tbx3 expression
At stage 27, a wild-type chick leg exhibits normal ex-
expanded in the autopod area and became intense
pression of Tbx2 and Tbx3 (Figures 2A and 2B) and
(77%, n  13 for Tbx2; 86%, n  14 for Tbx3) (Figures
normal digit patterns at E10 visualized by Alcian blue
2J and 2K, respectively). As observed in Figures 2G and
staining (Figure 2C). Normally, digits IV, III, II, and I have
2H, enlargement of the anterior limb buds was observed
five, four, three, and two phalanges, respectively. When
(Figures 2J and 2K). These results suggest that Tbx3
RA-soaked beads were implanted in the anterior margin
specifies digit III, while Tbx2 specifies digit IV together
of leg buds, various numbers of extra digits were formed,
with Tbx3.
depending on the concentrations of RA and the position
and timing of implantation (Figures 2F, 2I, and 2L). At a
low concentration of RA (5 g/ml), an additional digit II Misexpression of Tbx2 and Tbx3 Respecifies
the Identities of Digitswas formed (43%; n 28) (Figure 2F). When the concen-
tration was raised to 10 g/ml, extra digits II and III To explore further the roles of Tbx2 and Tbx3 in posterior
digit identity, we carried out misexpression studies indeveloped (68%; n  40) (Figure 2I). At the highest con-
centration of 100 g/ml, an extra digit IV was formed developing chick leg buds. Chick Tbx2 and Tbx3 share
54% homology at the amino acid level (Figure 3A), with(43%; n  40) (Figure 2L).
Next, we examined expression patterns of Tbx2 and the T-box regions exhibiting the highest homology
(94%). The putative regulatory regions at the carboxylTbx3 genes in these RA-treated limb buds, 36 hr after
implantation of beads at stage 19. Implantation of a 5 part, which act as transcriptional repressors (Paxton et
al., 2002), also show high homology (90%). In contrast,g/ml RA bead did not affect the expression of either
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Figure 3. Digit Patterns Are Altered by Misexpression of Tbx2 and Tbx3 and Their Mutants
(A) cTbx2 and cTbx3 share 54% homology in their amino acid sequences. The T-box DNA binding domain and the regulatory regions at the
carboxyl terminus share 94% and 90% homology, respectively. To construct constitutively active forms, we replaced their carboxyl parts with
EGFP (Enhanced Green Fluorescent Proteins) at the positions of amino acids 319 and 347 for Tbx2 and Tbx3, respectively. In addition, a
VP16 transactivation domain was fused at each of their amino termini (VP16Tbx2 and VP16Tbx3).
(B) Skeletal pattern of a normal chick leg at stage 36 is shown in a dorsal view. Normal chick leg digits IV, III, II, and I have five, four, three,
and two phalanges, respectively.
(C) When Tbx3 was misexpressed, digit II was transformed to digit III, which has now four phalanges.
(D and E) In contrast, misexpression of Tbx2 transformed digit II and III to digit III and IV, respectively (D). In another case, only transformation
of digit III to IV was observed (E).
(F) When VP16 alone was misexpressed, normal skeletal pattern was formed, making the VP16 system reliable in this assay.
(G–I) VP16Tbx3 misexpressed chick leg. (G) In one case, digits III and IV were transformed to II and III, respectively. In other cases, truncation
of digit IV (H) or both digits III and IV (I) was induced, leaving digits I and II normal.
(J and K) Misexpression of VP16Tbx2 induced transformation of digit IV to II (J) or to I (K). Hence, misexpression of Tbx2 and Tbx3 induces
the posterior transformation of digits, whereas VP16Tbx2 and VP16Tbx3 induce the anterior transformation or a loss of posterior digits.
amino acid sequences of other domains are divergent, the mutants, by injecting RCAS retrovirus carrying these
constructs into chick leg bud at stage 11.implying that these differences may exert distinct Tbx2-
or Tbx3-specific functions. First, we misexpressed Tbx3 in developing leg buds.
Misexpression of Tbx3 induced transformation of digitIn addition to wild-type Tbx2 and Tbx3, we prepared
two mutants (VP16Tbx2 and VP16Tbx3) in which the II to digit III (42%; n  61) (Figure 3C). The transformed
digit had four phalanges, normally a characteristic ofrepressive carboxyl end was replaced with EGFP (En-
hanced Green Fluorescent Protein), and a VP16 trans- digit III (Figure 3B). In all cases, digits I, III, and IV devel-
oped normally. We conclude that misexpression of Tbx3activation domain was fused to the amino terminus.
Since both Tbx2 and Tbx3 are known to act as transcrip- respecifies and transforms the identity of digit II to digit
III. When Tbx2 was misexpressed, digit II and digit IIItional repressors, these mutants should act as constitu-
tive activator forms. We checked the transcriptional ac- were transformed to digit III with four phalanges and
digit IV with five, respectively (28%, n  59) (Figure 3D).tivities of both the wild-types and the mutants, using
the p19ARF promoter-luciferase reporter (Jacobs et al., More frequently, we observed the single transformation
of digit III to digit IV without changes to other digits2000; Lingbeek et al., 2002). When transfected, both
Tbx2 and Tbx3 repressed the p19ARF promoter strongly. (47%, n  59) (Figure 3E). These results suggest that
misexpression of Tbx3 and Tbx2 respecifies the identi-In contrast, both VP16Tbx2 and VP16Tbx3 exhibited
robust activation (data not shown). From these data, we ties of posterior digits III and IV, respectively, redirecting
their morphologies to those of more posterior digits.concluded that we could utilize two different ap-
proaches and misexpressed both the wild-types and Next, we examined the effects of VP16Tbx2 and
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VP16Tbx3. Misexpression of VP16 alone did not affect signaling, whereas VP16Tbx3 and VP16Tbx2 down-
the digit morphology (n  24) (Figure 3F). When regulate it, further implying that these genes specify the
VP16Tbx3 was misexpressed, several morphological identities of digits by modulating posterior ID BMP sig-
alterations were observed. First, digit III was trans- naling.
formed to digit II with three phalanges (29%, n  51) Next, we examined the expression patterns of Shh.
(Figure 3G). Second, digit IV was severely deformed and Since both Tbx3 and Tbx2 are expressed earlier than
hypoplastic (41%, n  51) (Figure 3H). Third, both digit Shh, we speculated that Tbx3 and Tbx2 might regulate
III and digit IV were completely lost (23%, n 51) (Figure Shh. As expected, misexpression of Tbx2 induced an
3I). In addition, the fibula was often absent (31%, n  anterior shift in Shh expression (57%, n  18) (Figure
51) (Supplemental Figure S2). In all cases, digit I and 4J), whereas Tbx3 did not (0%, n  76) (Figure 4I). With
digit II developed normally (Figures 3G–3I). These data the opposite approach, VP16Tbx2 decreased Shh ex-
suggest that Tbx3 is required for not only for the identity pression (58%, n 41) (Figure 4L), yet again VP16Tbx3
specification of digit III and digit IV, but also for the did not affect it (0%, n  98) (Figure 4K).
formation of these digits. Likewise, misexpression of Tbx2 was found to down-
With misexpression of VP16Tbx2, anterior transfor- regulate Gli3 (34%, n 32) (Figure 4N), whereas Tbx3 did
mation of digit IV was observed (Figures 3J and 3K), but not (0%, n  52) (Figure 4M). As expected, VP16Tbx2
with two differing identity transformations. One was a upregulated Gli3 (23%, n  58) (Figure 4P), but
digit IV to digit II conversion (30%, n  53) (Figure 3J), VP16Tbx3 did not affect it (0%, n  97) (Figure 4O).
and the other a digit IV to digit I conversion (23%, n 53) These results are in accord with the Tbx2-mediated in-
(Figure 3K), implying that misexpression of VP16Tbx2 duction and VP16Tbx2-mediated downregulation of
and VP16Tbx3 anteriorizes the identities of digits and/ Shh (Figures 4J and 4L), indicating that Tbx2, but not
or severely disturbs the formation of posterior digits. Tbx3, acts in conjunction with Shh signaling. Taken to-
Furthermore, only digit IV was affected, allowing the gether, we conclude that Tbx3 regulates BMP signaling,
normal development of digits I, II, and III, indicating but not Shh signaling, whereas Tbx2 controls both the
that Tbx2 is essential for the specification of the most BMP/Gremlin and the Shh signaling cascades.
posterior digit identity and its formation. In both cases To explore the link between the Tbx genes and BMP
of VP16Tbx2 and VP16Tbx3 misexpression, we did signaling in more depth, we implanted BMP4-soaked
not observe increased apoptotic cell death in the misex- beads in the Tbx2- and Tbx3-negative region. When
pressed limb buds when judged by the Tunel assay (data saline-soaked beads were implanted, expression of the
not shown). genes was not affected (Figures 4Q and 4R). In contrast,
when beads soaked in BMP4 at a concentration of 30
Tbx3/2 Specifies the Posterior Limb Bud g/ml were implanted, induction of Tbx3 expression was
through BMP and Shh Signaling observed near the implanted bead, whereas expression
To further explore the factors acting downstream of the of Tbx2 was not affected (Figures 4S and 4T). Tbx2
Tbx genes, we examined the expression patterns of induction was weakly observed when 50 g/ml BMP4
several marker genes, BMP2, Gremlin, Shh, and Gli3, was applied (Figure 4U), and induction of Tbx3 was more
which are proposed to be involved in the specification evident (Figure 4V). At 100g/ml, induction of both Tbx2
of digit identities. In all experiments, the right leg field and Tbx3 was clearly observed (Figures 4W and 4X).
was injected with retrovirus, and the unmanipulated left These results indicate that the BMP signaling pathway
leg acted as an internal control. Hence, the left legs lies upstream of these Tbx genes which exhibit different
showed normal expression of marker genes while the sensitivities, Tbx3 being highly sensitive and Tbx2 not
right legs exhibited alterations of expression induced as sensitive. These lines of evidence suggest that there
by Tbx genes (dorsal views, Figures 4A–4P). Forty-eight is a mutually inductive link between the Tbx genes and
hours after Tbx3-retrovirus infection in the right leg, a
BMP signaling.
clear anterior shift of the BMP2 expression domain was
observed (61%, n  54) (Figure 4A). Likewise, misex-
The Hox Code Is Altered by thepression of Tbx2 induced similar changes (37%, n 45)
Misexpression of Tbx2/3(Figure 4B). In contrast, overexpression of both
In the developing chick limb, the HoxD genes are ex-VP16Tbx3 and VP16Tbx2 led to decreased BMP2
pressed in a region-specific manner along the AP axisexpression (37%, n  38; 68%, n  36, respectively)
of the limb. To check whether misexpression of Tbx(Figures 4C and 4D, respectively).
genes affects expression of the HoxD12 and HoxD13Gremlin regulates various aspects of limb develop-
genes (normal expression patterns are shown in Figuresment, such as limb outgrowth, chondrogenesis, and pro-
5A and 5G, respectively), we examined limbs in whichgrammed cell death, by acting as a negative regulator
Tbx2 or Tbx3 was misexpressed. Seventy-two hoursof BMP signaling (Merino et al., 1999). This BMP-antago-
after infection, we found that Tbx3 induces anteriornist is expressed in the limb buds in a mutually exclusive
expansion of HoxD12 expression, albeit weakly (9%, nfashion with other BMP genes. When Tbx3 and Tbx2
48) (red arrowhead in Figure 5B). Misexpression of Tbx2were misexpressed, expression of Gremlin was down-
strongly induced similar anterior expansion of HoxD12regulated (30%, n  68; 27%, n  78, respectively)
expression (21%, n  130) (red arrowhead in Figure5C).(Figures 4E and 4F, respectively). In contrast, misexpres-
These results indicate that both Tbx2 and Tbx3 upregu-sion of VP16Tbx3 and VP16Tbx2 upregulated Gremlin
late HoxD12 expression, although the effect of Tbx3expression (41%, n  105; 34%, n  94, respectively,
is weak.and Figures 4G and 4H, respectively). This line of evi-
dence suggests that Tbx3 and Tbx2 upregulate BMP When we misexpressed VP16Tbx3, downregulation
Developmental Cell
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Figure 4. Tbx3 /2 Genes and BMP and Shh
Signaling
(A and B) Misexpression of Tbx3 and Tbx2
induces anterior expansion of BMP2 expres-
sion 48 hr after infection.
(C and D) In contrast, misexpression of
VP16Tbx3 and VP16Tbx2 decreased
BMP2 expression.
(E and F) As expected, expression of Gremlin
was reduced by misexpression of Tbx3 and
Tbx2.
(G and H) Contrary to this, misexpression of
VP16Tbx3 and VP16Tbx2 induced Gremlin.
(I and J) Misexpression of Tbx3 did not affect
Shh expression, whereas Tbx2 induced the
anterior expansion of Shh.
(K and L) VP16Tbx3 again did not affect Shh.
Contrary to this, VP16Tbx2 decreased Shh
expression, indicating a link between Shh and
Tbx2, but not with Tbx3.
(M and N) Gli3 was not affected by Tbx3 mis-
expression, yet was clearly reduced by Tbx2,
suggesting the upregulation of Shh signaling
by Tbx2.
(O and P) Misexpression of VP16Tbx3 again
did not affect Gli3. In contrast, VP16Tbx2
induced expression of this gene, as was ex-
pected from the VP16Tbx2-mediated Shh
repression.
(Q–X) BMP signaling induces Tbx2 and Tbx3.
When BMP4 was not applied, limb buds ex-
hibit the normal expression patterns of Tbx2
and Tbx3. (Q and R) At a concentration of 30
g/ml of BMP4, Tbx3 expression was in-
duced (red arrowhead in [T]), whereas Tbx2
remained unchanged (S). At 50 g/ml, the in-
duction of Tbx3 intensified (red arrowhead in
[V]), but Tbx2 expression was induced only
weakly near the implanted bead (U). At the
highest concentration of 100 g/ml, anterior
induction of both Tbx2 (W) and Tbx3 (X)
was observed.
of HoxD12 was observed, yet with two different morpho- limb buds with minimal morphological changes (32%,
n 89) (Figure 5K). From these observations, we specu-logical changes, truncation (Figure 5D) and anterioriza-
tion (Figure 5E). When truncation occurred, the expres- late that the effect of VP16Tbx3 on HoxD13 is minimal;
rather, downregulation seems to be a secondary effectsion of HoxD12 was weak (38%, n  63) (Figure 5D). In
another case, the size of the limb bud was normal, but of the morphological alterations. Contrary to this,
VP16Tbx2 clearly downregulated the HoxD13 expres-the expression of HoxD12 was faint, especially in the
posterior margin (42%, n  63) (Figure 5E), suggesting sion (34%, n  55) (Figure 5L). Taking these results
together, we conclude that both HoxD12 and HoxD13anteriorization of the expression pattern. When VP16Tbx2
was misexpressed, again, expression of HoxD12 was faint genes are under the control of Tbx2 and Tbx3, although
the effects on HoxD13 are minimal. Since expression ofand weak (36%, n  113) (Figure 5F).
Next we checked the expression of the HoxD13 gene Tbx2 and Tbx3 begins earlier than HoxD genes, our data
are consistent with the idea that Tbx2 and Tbx3 specifyin the misexpressed limb buds. Misexpression of Tbx3
did not affect HoxD13 expression (0%, n  27) (Figure digit identities through the regulation of the HoxD genes
in the autopod, as well as the Shh and the BMP signal-5H). In contrast, misexpression of Tbx2 clearly expanded
the domain of HoxD13 expression anteriorly in the distal ing cascades.
part of the limb (31%, n  45) (Figure 5I). On the other
hand, misexpression of VP16Tbx3 decreased HoxD13 Noggin-Induced Transformation of Digit Identities
Can Be Rescued by Tbx2/3 Misexpressionexpression weakly (60%, n  89) (Figures 5J and 5K).
In this case, we again observed two morphological Previous studies have shown that modulation of the
ID BMP signaling levels causes transformation of digitchanges: small limb buds (28%, n  89) (Figure 5J) and
Tbx Genes Specify Posterior Digit Identity
49
Figure 5. Expression of the HoxD Genes Is Altered by Misexpression of Tbx2 and Tbx3
(A) Normal expression pattern of HoxD12 in the chick leg. (B) Misexpression of Tbx3 weakly induced HoxD12 expression at the anterior margin
indicated by a red arrowhead. (C) Misexpression of Tbx2 strongly induced the ectopic expression of HoxD12 at the anterior margin of the
limb bud. (D) Misexpression of VP16Tbx3 in the leg bud decreased HoxD12, with a concurrent truncation of the limb bud. (E) In another
case, the morphology of the limb buds remained normal, although repression of HoxD12 was evident, indicating the anteriorization of HoxD12
expression. (F) Likewise, misexpression of VP16Tbx2 decreased HoxD12, and its expression domain was shifted posteriorly. (G) Normal
expression pattern of HoxD13. (H) Misexpression of Tbx3 did not affect HoxD13 expression. (I) In contrast, Tbx2 clearly expanded HoxD13
expression anteriorly in the distal autopod part of the limb. (J) In the case of VP16Tbx3-induced truncation, HoxD13 was weakly suppressed.
(K) While the morphology remained relatively normal, VP16Tbx2, HoxD13 was also weakly reduced. (L) VP16Tbx2 clearly decreased HoxD13
expression, and its expression in the autopod area shifted posteriorly.
identities. For example, implantation of Noggin-soaked These results support the model that each ID has a
beads in ID2 and ID3 causes anterior homeotic transfor- distinct BMP level and the more posterior an ID, the
mation of digit II to I, and digit III to II, respectively (Dahn higher the BMP level. Misexpression of Tbx2 and Tbx3
and Fallon, 2000). In this model, each ID has a distinct canceled the effects of Noggin-mediated BMP antago-
BMP level that determines the identity of its anterior nism, indicating that Tbx2 and Tbx3 are part of the piv-
digit, and the more posterior an ID, the higher the otal processes of identity specification. Furthermore,
BMP level. our data highlight the key roles of Tbx genes as determi-
As we showed above, both Tbx2 and Tbx3 regulate nants of digit identities, acting upstream of Shh and
the BMP signaling positively. This suggests that misex- interdigital BMP signaling.
pression of Tbx2 and Tbx3 might rescue the anterior
transformation of digit identities of limb buds, in which Discussion
Noggin-soaked beads were implanted. In all ID regions,
BMP2, BMP4, and BMP7 are expressed, yet the BMP
In this report, we demonstrated that chick Tbx3 and Tbx2
antagonist Noggin inhibits all signaling cascades.
specify posterior digit identities by regulating interdigitalNoggin-soaked beads implanted into ID3 at stage 28
BMP signaling. Misexpression of Tbx3 and Tbx2 in-caused the expected anterior transformation of digit III
duced posterior homeotic transformation of digit II to IIIto digit II (57%, n  23) (Figure 6B), whereas the control
and digit III to IV, respectively. In contrast, misexpres-PBS-soaked beads never altered the digit morphology
sion of VP16Tbx3 and VP16Tbx2 induced anterior(0%, n  7) (Figure 6A). This indicates that inhibition of
transformation, thereby converting digit III to II and digitthe BMP signaling induces the anterior homeotic trans-
IV to I or II. In some cases, we observed truncation offormation of digit. However, when Tbx2 was misex-
the posterior digits, indicating that Tbx3 and Tbx2 alsopressed in Noggin-treated limb buds, digit III developed
control the development of the posterior digits. Tbx2 andnormally (88%, n  25) (Figure 6C). This suggests that
Tbx3 are known to have specific expression patterns inmisexpression of Tbx2 cancels the anteriorizing effect
the interdigital autopod regions; namely, chick Tbx3 isof Noggin. When Noggin-soaked beads were implanted
expressed in ID3 and 4, and Tbx2 in ID4. Since theinto ID2 at stage 28, a clear anterior transformation of
interdigit BMP level regulates its anterior digit identity,digit II to I was observed (73%, n  26) (Figure 6E).
these expression patterns suggest that Tbx2 and Tbx3Again, control beads did not change the morphology of
might be direct regulators of the posterior digit identi-digit II (0%, n  8) (Figure 6D). When Tbx3 was misex-
ties. More specially, Tbx2 acts upstream of Shh andpressed in Noggin-treated limb buds, digit II developed
normally (82%, n  22) (Figure 6F). BMP2, and Tbx3 regulates BMP2. Conversely, Shh (data
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Figure 6. Tbx2/3 Genes Mediate the Rescue
of Noggin-Induced Anterior Homeotic Trans-
formation of Digit Identities
(A) When a control bead was implanted in
ID3, all digits developed normally.
(B) When a Noggin-soaked bead was im-
planted in ID3, the anterior transformation of
digit III to II was induced.
(C) When Tbx2 was misexpressed, digit III
developed normally, even when a Noggin-
soaked bead was implanted in ID3, indicating
that Tbx2 can rescues Noggin-mediated an-
terior transformation of digit III identity.
(D) When a control bead was implanted in
ID2, again, all four digits developed normally.
(E) Implantation of a Noggin-soaked bead in
ID2 induced the anterior transformation of
digit II to I.
(F) Noggin-mediated anterior conversion of
digit II was again rescued by misexpression
of Tbx3, and all four digits developed nor-
mally. In all experiments, injection of viruses
and implantation of beads were performed at
stage 11 and 28, respectively.
not shown) and BMP4 upregulate the posterior expres- 2002). Data obtained from the Shh/Gli3/ mice indi-
cate that the functions of these genes are limited tosion of Tbx2 and Tbx3 (Figure 4 and Tumpel et al., 2002).
These lines of evidence suggest that the feedback and refining autopod morphology and organizing digit iden-
tity by balancing Gli3 activator (Gli3A) and repressorfeedforward regulation between Tbx2/3 and the Shh and
BMP signaling cascades is pivotal for the specification (Gli3R) activities. Accordingly, digits of Shh/Gli3/ and
Shh/ mice, which exclusively express Gli3R, are identi-of posterior digit identities.
In this regard, the functions of Tbx2 and Tbx3 might fied as digit I, regardless of their position along the AP
axis. Contrary to this, chick talpid2 (ta2) embryos expressdiffer in early and later stages of limb development. In
the early stages, the posterior-proximal expression of Shh normally, but Shh target genes are uniformly ex-
pressed, suggesting a high Gli3A level along the AP axisTbx2 and Tbx3 might be involved in the establishment
of the AP axis of the limb bud, making feedback and of limb buds (Caruccio et al., 1999). Consequently, ta2
mutant chick limbs exhibit polydactyly, with posteriorfeedforward regulatory loops with Shh, BMP2, Gremlin,
and Gli3 (Figures 4 and 7A). In contrast, in the later digit identities. Taken together, these lines of evidence
suggest that Shh and Gli3 play essential roles duringstages of digit formation, when Shh expression has al-
ready faded out, the posterior autopod expression of the specification of digit identities in the early stages
by establishing the AP axis. Nonetheless, at the stagethese Tbx genes specifies the digit identities by regulat-
ing the interdigital BMP signaling (Figure 7B). Hence, of digit formation, Shh expression fades out, indicating
that Shh is not a true determinant of digit identities.the ID-specific expression of Tbx2 and Tbx3 genes es-
tablished by the tight feedback and feedforward regula- Recently, it was shown that Shh and BMP2 act up-
stream of Tbx3 in the posterior part of the limb budtory loops in the early stages specifies the digit identities
in the later stages. Recently, mice lacking Tbx3 have (Tumpel et al., 2002). In that report, retinoid-deficient
quail did not exhibit the posterior expression of Tbx3 inbeen reported to exhibit severe deformation in the auto-
pod with loss of Shh expression (Davenport et al., 2003). the leg bud, thereby setting Shh, BMP2, and RA up-
stream of Tbx3. We tried the same approach for Tbx3Since in the early stages Tbx3 controls BMP signaling,
and the interaction between BMP and Shh signaling is and Tbx2 using BMP4-soaked beads and found that
Tbx3 was induced by low concentrations of BMP, butcritical for limb development, limb phenotypes observed
in the Tbx3 knockout mice are compatible with our data. Tbx2 was not induced. Conversely, Tbx2 was induced
by high concentrations, accompanied by Tbx3 inductionLimbs of Shh/Gli3/ double knockout mice show
polydactylous digits that lose their wild-type identities (Figure 4). Furthermore, RA (Figure 2) and Shh (data
not shown) both induced Tbx2. These lines of evidencecompletely (Litingtung et al., 2002; te Welscher et al.,
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Figure 7. A Schematic Model of the Specifi-
cation of the Posterior Digit Identities
(A) In the early stages, Tbx2, Shh, and BMP2
form tight positive regulatory loops. These
loops affect the expression of downstream
targets such as Shh, Gli3, and the BMP-
antagonist Gremlin. In contrast, Tbx3 sets up
a positive regulatory loop only with BMP2 and
a negative one with Gremlin, suggesting that
highly homologous Tbx2 and Tbx3 exert dis-
tinct but overlapping functions to establish
the AP axis polarity.
(B) In the later stages, digits begin to develop
in the autopod area. During the development
of digits, Tbx2 and Tbx3 are expressed in the
posterior autopod areas of limb buds with
distinct ID specificities; Tbx2 in ID4 and Tbx3
in ID3 and ID4. Tbx3 forms tight positive regu-
latory loops with BMP7 and HoxD12. Tbx2
also establishes positive loops with BMP7,
HoxD12, and HoxD13. These tight regulatory
networks specify the identities of the poste-
rior digits. Changes of marker gene expres-
sion are summarized in Supplemental Fig-
ure S5.
indicate that Tbx2/3, Shh, Gli3, and BMP2 genes act Shh-negative and BMP-negative conditions. We can
also point out the possibility that both the Shh and theboth upstream and downstream. Moreover, our data
indicate that Tbx2 regulates both Shh and BMP2, BMP signaling cascades might be actively shut off by
unknown factor(s). Both Tbx2 and Tbx3 act in conjunc-whereas Tbx3 controls only BMP2 and not Shh, high-
lighting a functional difference between Tbx2 and Tbx3. tion with Shh and BMP signaling, which might explain
why digit I developed normally in our extensive misex-Hence, we conclude that these Tbx genes are acting
with the Shh and the BMP signaling cascades, but in pression studies. In addition, Tbx15 (Agulnik et al., 1998)
or other Tbx genes, which are expressed in ID2, mightfunctionally different ways.
Recent genetic analyses have revealed mutations in be involved in the specification of digit II identity.
Implantation of Noggin, together with the misexpres-the TBX3 gene in patients with ulnar-mammary syn-
drome (OMIM 181450), a condition characterized by the sion of Tbx2 and Tbx3, induces digits III and digit II
formation, respectively (Figures 6C and 6F), althoughabsence of posterior digits III, IV, and/or V on the ulnar
ray (Bamshad et al., 1997). These genetic data suggest misexpression of Tbx2 and Tbx3 alone induces digit IV
and III formation (Figures 3C–3E). This indicates that,that Tbx3 is a key factor for the development of the
posterior digits. Expression of VP16Tbx3 induced an- when the ID BMP signaling was shut off, Tbx2 and Tbx3
did not form digits IV and III, yet induced partial pos-terior transformation or truncation of digit III and digit
IV. One of our phenotypes, the severe truncation of digits terior transformation. This further suggests that Tbx pro-
teins might interact with unknown factor(s) to exert theirIII/IV and the loss of fibula formation (Supplemental Fig-
ure S2) resembled that of the ulnar mammary syndrome. full activities. Alternatively, phosphorylation mediated
through BMP signaling might control transcriptional ac-Hence, VP16Tbx3 acts as a dominant-negative Tbx3,
although it is not known that human mutations found in tivities of Tbx proteins.
Implantation of Noggin at stage 28 in ID3 and ID4this syndrome code similar dominant-negative types of
TBX3. Nonetheless, we speculate that our approach induced anterior transformation of digit III and IV, re-
spectively (Supplemental Data S3). In this case, Nogginopens a way to investigate the onset mechanism of this
syndrome. In both experiments, using the intact Tbx in ID3 downregulated Tbx3 expression. Likewise, Nog-
gin in ID4 repressed Tbx2 expression, although expres-genes and VP16 fusion constructs, digit I was never
affected. In the absence of Shh signaling, as shown in sion of Tbx3 was not affected (Supplemental Figure S3).
Contrary to this, implantation of Noggin at stage 30 didShh/ mice, only digit I was formed. In addition, a Nog-
gin-soaked bead implanted into a chick ID2 induced a not affect normal development of digits. As expected,
Tbx2 and Tbx3 were normally expressed even after im-digit II to digit I transformation. These results indicate
that the identity of digit I was determined under both plantation of Noggin. This indicates that digit identities
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Experimental Proceduresare determined around stage 28. Once determined, digit
identities are fixed and cannot be altered after stage 30.
Cloning of Tbx2 and/Tbx3 GenesAlthough expression of Tbx2 and Tbx3 expands anteri-
A chick limb bud cDNA library was prepared from poly(A) RNA that
orly to ID1 and ID2 in later stages, these two genes do had been isolated from stage 20–23 limb buds and was screened
not act as identity determinants after stage 30. Rather, with a human TBX2 cDNA probe (a gift from C.E. Campbell). Positive
these Tbx genes exert different functions in later stages. clones were subjected to sequencing analysis (ABI sequencer). After
searching the database, positive clones were identified as chickIn addition, our data indicate that overexpression of
full-length Tbx2 and Tbx3 cDNAs.Tbx2 or Tbx3 genes in Noggin-implanted limbs did not
affect the normal development of digit II (Figure 6). Since
implantation of Noggin enhanced Tbx15 expression in Whole-Mount In Situ Hybridization and Skeletal
ID2 (data not shown), we speculate that super-induced Pattern Analysis
Tbx15 might cancel the effects of Tbx2 and Tbx3 and Whole-mount in situ hybridization was performed as described pre-
viously (Wilkinson, 1993). cHoxD12 and cHoxD13 probes were kindallow the normal development of digit II. Since Tbx15 is
gifts from C. Tabin. To stain skeletal elements, embryos were fixedexpressed in ID2 where neither Tbx2 nor Tbx3 are nor-
and stained with Alcian blue as described previously (Ohuchi etmally expressed (Agulnik et al., 1998), further analyses
al., 1998).
must be carried out to confirm the functions of Tbx15
during specification of digit II.
As shown in Figure 5, both Tbx2 and Tbx3 controls Bead Implantation
AG1-X2 ion exchange resin beads (150–200 m diameter, Biorad)HoxD12 expression, albeit with different potencies. Ex-
were soaked for 1 hr in all-trans-retinoic acid (RA) (Sigma) dissolvedpression of HoxD13 gene was also affected by Tbx2,
in dimethyl sulfoxide (DMSO). After soaking, beads were rinsed threebut not by Tbx3. These observations again suggest that
times in saline solution. Then, RA-soaked beads were implanted at
Tbx2 and Tbx3 regulate downstream targets, but in dif- the anterior margin of leg buds at stage 19. Thirty-six hours after
ferent modes. Several HoxD genes are expressed in implantation, chick embryos were harvested for analyses. For Nog-
developing limb buds with distinct expression domains gin-soaked bead implantation, heparin-coated acrylic beads
(Sigma) were rinsed in phosphate-buffered saline and incubated inalong the AP axis. Misexpression of HoxD11 caused
culture dishes at room temperature for 1 hr in 250 to 500 g/mlhomeotic transformation of digit I to digit II in chick leg
recombinant mouse Noggin solution (R & D Systems). Noggin-bud (Morgan et al., 1992), implying that this gene is
soaked bead implantation into interdigit areas was performed asinvolved in the specification of digit II and ID2. Nonethe-
described (Dahn and Fallon, 2000).
less, neither Tbx2 nor Tbx3 affected digit I, suggesting
that HoxD11 is not in the downstream pathway of Tbx2
RCAS Retrovirus DNA Construction and Injectionand Tbx3. Hence, the expression of HoxD genes are
Tbx2 and Tbx3 coding regions were amplified by PCR with an appro-differentially controlled by Tbx genes.
priate set of primers, then ligated to a pSLAX vector (Motgan andIn previous studies, it has been reported that the levels
Fekete, 1996). For GFP fusion constructs, the coding regions ofof BMP in the IDs are critical for the specification of
Tbx2 and Tbx3 were PCR-amplified with different primers designed
digit identities. Nonetheless, implantation of BMP- to fit the open reading frame of pEGFP-N2 (Clontech). The fusion
soaked beads in ID has never induced posterior homeo- cDNAs were again ligated to a pSLAX vector. The inserts were
tic transformation of digit identities. Hence, our data ligated in an RCASBP retrovirus vector. Chicken embryonic fibro-
blast (CEF) cells were transfected with these retrovirus constructsprovide evidence of the posteriorization of digits. Previ-
by the Polyethylemimine (PEI)-mediated transfection method (Bous-ous study also suggests that the differential levels of
sif et al., 1995), and then transfected cells were propagated. AfterBMP in ID specify the identities of digits. In agreement
two passages, the medium was replaced with fresh MEM supple-with this, Tbx2, which specifies the most posterior digit mented with 1% FCS. After 24 hr, the medium was harvested and
identity, expands the domain of BMP2 expression more subjected to centrifugation. The retrovirus precipitant was isolated,
anteriorly than does Tbx3, which specifies anterior digit resuspended, and stored at –80C. Concentrated retrovirus solu-
III (Figure 4B). Interdigital expression of BMP2, BMP4, tions were injected into chick lateral plate mesoderm at stage 11,
using a sharp glass pipette at stage 11 (Morgan et al., 1992).and BMP7 genes are upregulated by misexpression of
Tbx2 and Tbx3 even in ID2 (Supplemental Figure S4),
again highlighting the tight link between interdigital BMP
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